Abstract. The working environment of mine dump truck is relatively harsh, thus the suspension system with poor performance will directly affect driver's driving comfort and physical and mental health. An oil cylinder is one of the key components of the hydro-pneumatic suspension system, however, the high friction levels between cylinder and piston would lead to 'friction locking' phenomenon in the practical application. In order to improve the vibration damping performance of hydro-pneumatic suspension system and enhance the comfortability of whole vehicle, a 110 t mine dump truck was studied by theoretical and experimental method. The results of this study show that increasing the length of cylinder guide can effectively decrease the cylinder vibration transmission rate and improve the driving comfortability of vehicle.
Introduction
Hydro-pneumatic suspension is more and more popular for its nonlinearity of stiffness and damping, which improved the ride comfortability of the vehicle significantly. However, the frictional resistance between the cylinder and the piston affect the vibration damping of the cylinder. When the frictional force is too large, the 'friction locking' phenomenon may be occure between the cylinder and the piston, and then the cylinder lost vibration capability. The friction between cylinder and piston is affected by the pressure at the seal, the precision of the joint surface and the viscosity of the lubricant. During the operation of the hydro-pneumatic suspension system, the pressure in the air chamber and the oil chamber will constantly change, so the positive pressure at the seal will also change, and the friction will inevitably be affected. Here, the tightness of the seal is related to the temperature. When the load of the hydro-pneumatic suspension system changes frequently, the temperature will inevitably change to some extent. It will also affect the positive pressure at the seal and affect the frictional resistance. The length of the guide portion of the cylinder also has some influence on the performance of the cylinder.
Kyuhyun Sim et al.
[1] adopted a semi-active suspension method to improve the comfort of agricultural tractors. It is verified by MATLAB/Simulink simulation software and experiment. Lalitkumar et al. [2] analyzed the stiffness and damping of the suspension system to improve the suspension performance by using simulation software MATLAB /Simulink and verified by the experiment. Xuemei Sun et al. [3] used the vehicle mathematical model and simulation method to analyze the influence of damping size on vehicle performance. Heng Du and Jianhua Wei et al. [4, 5] analyzed the influence of initial pressure, total volume, damping aperture and pipe diameter on vehicle ride comfort by using the ADAMS/Simulink/AMESim co-simulation method. And the different variables are optimized by genetic algorithm to improve the ride comfortability of the vehicle. Linlin Cao et al. [6] established the simulation model of the connected hydro-pneumatic suspension using the simulation software AMESim and analyzed the change of the connected hydro-pneumatic suspension by the impact load when the suspension of internal flow and pressure, studied the influence of damping hole size on suspension performance. Longxin Zhen et al. [7] considered the effect of dense friction on the analysis of the hydro-pneumatic suspension performance and established the nonlinear mathematical model of the single-chamber hydro-pneumatic suspension. The simulation results, respectively considering the sealing friction and without considering the sealing friction, are compared with the test results. The results show that the mathematical model of the hydro-pneumatic suspension considering seal friction is more accurate. Daolin Xu et al. [8] , referring to traditional vehicle dynamics model, considering tire damping and nonlinear characteristics of hydro-pneumatic suspension, a mine dump truck with five degrees of freedom mathematical model, analyzed the influence factors of front and rear hydro-pneumatic suspension stiffness and damping properties of the body and the body vibration response, and optimized design the main parameters of hydro-pneumatic suspension using the genetic algorithm. Most of the above studies have analyzed the influence of cylinder parameters [9, 10] : initial pressure and volume of cylinder, damping hole size on the performance of hydro-pneumatic suspension and vehicle comfort by simulation software. In the research, the influence of the friction between the piston rod and the cylinder tube is often neglected, which will make the analysis result and the actual situation has a certain error, in particular, the influence of the length of the guide part on the vibration damping of the cylinder is still blank at present.
In this paper, based on the research results of the above scholars, taking a 110 t mine dump truck front suspension as the research object, the influence of the guide part length of the front suspension on the vibration and the comfort of the vehicle was studied by theoretical and experiment.
Structure of the front suspension
The front suspension structure of the mine dump truck is shown in Fig. 1 : Both sides have adopted a single cylinder, and the inclination angle of the cylinder is . According to the vehicle load and suspension structure, the angle of the cylinder is slightly different, generally between 2 degrees to 7 degrees. The internal structure of front suspension cylinder is shown in Fig. 2 , which is mainly composed of two parts: cylinder and piston rod. The whole cylinder is divided into I cavity and II cavity, the upper part of I cavity is inert gas , the lower part is oil, and the II cavity (annular cavity) is filled with oil. The inert gas acts as an elastic element, and the oil acts as attenuating vibration and absorbing energy when it flows through the damping orifice and the check valve. The piston rod moves up and down along the road surface, so that the gas inside of the hydro-pneumatic spring is in a state of constant compression and expansion.
The piston guide and the piston rod guide play the role of guiding and sealing. The longer the guide portion is, the better its guiding property is. It can avoid the bending force of between the piston and the cylinder tube, decrease the cylinder vibration transmission rate and improve the riding comfortability of vehicles.
Experiment
In order to measure the influence of the guide part length of the front suspension on the vibration and the comfort of the vehicle, three cylinders with the guide part length of 0.2 m, 0.3 m and 0.5 m were prepared in this experiment. Test conditions are: no-load operating phase and loading phase.
The pressure sensor and the displacement sensor are respectively installed on the front suspension cylinder, to observe whether appear the pressure step beating phenomenon or "friction locking" phenomenon. Fig. 3 is no-load operating phase, the pressure and the displacement of the cylinders was measure. Fig. 4 is loading phase, in this phase we can find the pressure change during the loading phase. The acceleration sensor is installed on the top and bottom of the cylinder. Fig. 5 is installation location of the acceleration sensor. The vibration transmissibility of the cylinder can be evaluated by vibration transmission rate of the cylinder, and the vibration transmissibility of the cylinder is the ratio of the RMS value of the response vibration acceleration to the RMS value of the excitation acceleration. The smaller the value of the vibration transmissibility show that the more the energy absorbed by the damper, the stronger the vibration attenuation and the better the damping capacity of the cylinder.
In order to obtain the influence of different guide length of front suspension cylinder on vehicle ride comfort, acceleration sensors are installed on the pedal, seat and backrest respectively, is shown in Fig. 6 . Through the data analysis, the total weighted acceleration RMS value can be obtained. By comparing with the ISO 2631-1:1997 (E) standard [11] , the vehicle ride comfortability can be obtained according to the different length of the cylinder. 
Tables
Due to the uneven surface of the road, pressure and displacement are changing during the truck driving process. Fig. 7 is the pressure changes during truck driving, and Fig. 8 is the displacement changes during truck during this process, it can be seen that there is a step-jump phenomenon in front cylinder pressure changes during truck driving, and there is a short time 'friction locking' phenomenon between cylinder and piston. In order to more accurately analyze the vibration damping performance of the cylinder, the loading process was select to study. Because in the loading process, the upper end of the cylinder is the input, and the lower part is the output, which is a single input and multi output vibration, can greatly reduce the influence of the coupling effect.
The load of the truck is 72 tons. An 8 tons of shovel was used for loading in this experiment, 1 1 7 each vehicle need 9 shovels. During the loading process, the pressure of the cylinder is changed as shown in Fig. 9 and Fig. 10 , the length of the guide part of the cylinder in Fig. 9 is 0.3 m, and pressure changes every three shovels, and the pressure changes twice during loading. Fig. 10 corresponds to the front suspension cylinder guide length is 0.5 m, pressure changes every two shovels, and the pressure changes four times during the whole loading process. It can be seen that lengthening the length of the guide part can improve the 'friction locking' phenomenon, can better play the role of vibration absorber and can better protect the frame and tires. 
The vibration transmission rate of the cylinder with different length
The vibration transmission rate is used to measure the vibration reduction capability of the cylinder. During the loading process, the excitation is transmitted from top to bottom, therefore the vibration transmission ratio is the ratio of the RMS value of the acceleration of the lower cylinder to the RMS of the acceleration of the upper cylinder.
The RMS value of vibration response acceleration:
where is the analysis time, ( ) is the time-domain signal of vibration response acceleration. The RMS value of vibration excitation acceleration:
where is the analysis time, ( ) is the time-domain signal of vibration excitation acceleration:
The is vibration transmission rate, and it is a dimensionless value. The smaller value of indicates that the more energy absorbed by the damper, the more vibration attenuation. The vibration transmission rates corresponding to different guide lengths are shown in Fig. 11 . As can be seen from Fig. 11 , under the condition of other parameters are fixed, the length of the guide increases from 0.2 m to 0.5 m, the vibration transmissibility of the cylinder changes from 0.82 to 0.58 and the vibration damping of the cylinder increases by 29.3 %. 
The riding comfortability of the vehicle with different cylinder
In order to analyze the influence of the different guide lengths of the cylinder on the vehicle comfort. In this paper, according to the standard of ISO 2631-1: 1997 (E), the RMS of the total weighted acceleration of vehicle pedals, seats and backrest, and it is used to evaluate the ride comfort of truck:
where for the acceleration spectral density function, for the axial frequency weighting function. It can be seen from Fig. 12 that the value corresponding to the different guide lengths of the front suspension cylinder. part of the total acceleration of the RMS rate is getting smaller.
Conclusions
When the structure is fixed, the length of the guide increases from 0.2 m to 0.5 m, the vibration transmission rate of the cylinder changes from 0.82 to 0.58, and vibration reduction capability of the cylinder increases by 29.3 %.
Adopting the method of lengthening the guide part of the cylinder can improve the cylinder pressure "friction locking" phenomenon and improve the ride comfortability of the vehicle. When the length of the guide part is increased from 0.2 m to 0.5 m, the RMS value is reduced by 32 %, and the riding comfortability of the vehicle is obviously improved. From the curve trend, the curve is more and more flat, indicating that as the guide part of the total acceleration of the value change is getting more and more smaller, so there is an optimal guide length according to the specific circumstances of the vehicle.
